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Recently, Solomon and King r epor t ed  a tar  fo rma t ion  model app l i cab le  t o  t h e  py ro lys i s  
of so f t en ing  bi tuminous c o a l s  (1). The i r  theory combined the random cleavage of weak 
bonds ( s i m i l a r  t o  a concept  used by Gavalas and coworkers (2)) w i t h  t r a n s p o r t  of 
depolymerizat ion f r agmen t s  by vapor i za t ion  and d i f f u s i o n  ( l i k e  Unger and Suuberg 
(3)). It p red ic t ed  c h a r  and tar y ie lds  and molecular  weight  d i s t r i b u t i o n s  and 
provided s e v e r a l  i n s i g h t s  i n t o  t h e  r o l e  of donatable  hydrogen and the  dependence of 
product d i s t r i b u t i o n s  on r e a c t i o n  condi t ions.  

The Solomon and King (SK) theory was developed using model polymers which con ta in  
func t iona l  groups r e p r e s e n t a t i v e  of c o a l  s t ruc tu re .  Polymers were s tud ied  because 
c o a l  is gene ra l ly  i n s o l u b l e ,  heterogeneous, and chemical ly  complex and is, therefore ,  
d i f f i c u l t  to  use i n  v a l i d a t i n g  models. Several  types of b r idg ing  groups between the  
a romat i c  r i n g s  in t h e s e  polymers were considered;  it was found t h a t  e thy lene  br idges 
decompose in t h e  same t empera tu re  range where c o a l  evolves  t a r  wh i l e  oxymethylene 
b r idges  c l eave  at  t empera tu res  which a r e  too l o w  and methylene b r idges  a t  
temperatures  which a r e  too high (1,4,5). From these  s t u d i e s  it 's been found t h a t  
e thy lene  br idged polymers a r e  q u i t e  va luab le  i n  e l u c i d a t i n g  the  mechanisms of t a r  
formation s i n c e  they have s imple,  wel l  e s t a b l i s h e d  chemical  s t r u c t u r e s  and melt  and 
produce t a r s  under cond i t ions  s i m i l a r  t o  those where s o f t e n i n g  bi tuminous c o a l s  form 
tar. 
b r idges  both play impor t an t  r o l e s  i n  t h e  formation of t a r  during py ro lys i s  of l i g n i n s  (6). 

Although t h e  SK t a r  fo rma t ion  model has been found t o  provide reasonable  p red ic t ions  
f o r  t a r  and cha r  y i e l d s  and f o r  t h e  molecular weight d i s t r i b u t i o n s  of t a r s ,  i t  
con ta ins  t h r e e  s i g n i f i c a n t  conceptual  problems: 

S tud ie s  on l i g n i n s  have a l s o  shown t h a t  c leavage of oxyethylene and e thy lene  

React ion y i e l d s  were con t ro l l ed  i n  t h i s  model by an  a d j u s t a b l e  parametek which 
determined how many donatable  hydrogens were a v a i l a b l e  f o r  capping the  
arylmethylene r a d i c a l s  formed when e thy lene  b r idges  cleave.  This  parameter 
has  been found t o  vary with r eac t ion  cond i t ions  and not  p r e d i c t a b l e  a p r io r i .  
The e f f e c t  of product  o l e f i n i c  br idges on t h e  bond breaking d i s t r i b u t i o n s  was 
not  included. The presence of unbreakable double bonds i n  the  ol igomer 
cha ins  should make i t  less l i k e l y  t h a t  monomers and dimers  w i l l  form. 
It is d i f f i c u l t  t o  extend the SK model t o  include r e a l i s t i c  chemical  
mechanisms s i n c e  t h e  a c t u a l  concen t r a t ions  of e thy lene  and o l e f i n i c  br idges 
a r e  not  monitored. 
computer run- t imes . Attempts t o  co r rec t  t h i s  problem have l e d  t o  excess ive  

paper, a r e v i s e d  ve r s ion  of the  SK model is presented which can Dredict 
product y i e l d s  and molecular  weight d i s t r i b u t i o n s  d i i e c t l y  from i n i t i a l  polymer 
s t ruc tu res .  I n  t h i s  model a l l  t h ree  of t hese  problems have been e l imina ted .  I n  
add i t ion ,  t h i s  new model has  been solved using Monte Carlo techniques,  i s  more 
e f f i c i e n t  computa t iona l ly  than t h e  SK model, and can p o t e n t i a l l y  be expanded t o  
d e t a i l e d  s imula t ions  of extremely complex polymers such a s  coal. 
t h i s  model p r e d i c t s  product  s p e c t r a  d i r e c t l y  from polymer s t r u c t u r e s  without  use of 
ad jus t ab le  parameters ,  i t  can be used t o  i n v e s t i g a t e  t h e  v a l i d i t y  of a l t e r n a t i v e  
py ro lys i s  mechanisms. S imula t ions  us ing  t h i s  model sugges t  t h a t  i p s o  s u b s t i t u t i o n s  
by H r a d i c a l s  occur  d u r i n g  the rma l  decomposition of e thy lene  br idged polymers and 
t h a t  r a d i c a l  recombinat ion r eac t ions  play an  important  r o l e  i n  determining the  
molecular weight  d i s t r i b u t i o n s  of py ro lys i s  t a r s .  

Furthermore, s i n c e  
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Poly(p-xylylene), 1, was purchased from Frinton Laboratories. As a byproduct of 
di-p-xylylene (p-cyclophane) synthesis, this polymer was very impure and contaminated 
with the dimer. 

Poly(l,4-dimethylenenaphthalene), 2, as prepared at Iowa State University using an 
adaptation of Golden's synthesis for poly(dimethy1enedurene) (7). This synthesis was 
accomplished using phenyllithium to couple the bis(bromomethy1) derivatives which 
were prepared from dimethylnaphthalenes using N-bromosuccinimide and benzoyl peroxide 
in CC14. The degree of polymerization (DP), defined as the number of monomer units 
in a polymer molecule, is estimated to be 64 (MW = 10,000). 
polymers as models for coal chemistry vas recently described by Squires et al. (E). 

Several pyrolysis experiments, including slow heating rate and flash pyrolyses, were 
carried out on these ethylene bridged polymers using an apparatus which employs an 
electrically heated grid within an infrared cell to provide on-line, in-situ analysis 
of evolved products by Fourier Transform Infrared (FT-IR) spectrometry. 
these experiments have been described previously (1,lO). 
Spectrometry (FIMS) were performed at SRI International and have been described by 
St. John and coworkers (11). 

It was purified by Soxhlet extraction in toluene for two days. 

Additional use of these 

Details of 
Field Ionization Mass 

TBgoBY 

The original SK tar formation model considered the molecular weight distribution, Qi 
in the reacting polymer and the molecular weight distribution, Ni of the tar, where Qi 
and Ni are the molar quantities of the polymeric component with DP=i in the reacting 
polymer and in the tar. The rate of change of Qi was written as: 

where dFi/dt was the rate of formation for the component with DP=i from the 
decomposition of components with DP)i in the reacting polymer; dBi/dt was the rate of 
disappearance by decomposition of the component with DP=i in the reacting polymer; and 
dNi/dt was the rate of transport of fragments with DP=i from the particle as tar or gas. 

The terms of dFi/dt and dBi/dt were the rate of creation and destruction of oligomers 
vith DP=i through the cleavage of weak bonds. The cleavage of these weak bonds was 
assumed to be a first order process with a rate constant k, be., the rate at which 
bonds break was k times the number of breakable bonds. It was further assumed that 
all' bonds in a given oligomer were equivalent and were breakable. 
vere (i-1) bonds in the polymeric component with D P = i ,  and the breaking of any one of 
them would remove that component from the distribution parameter Qi, the rate of 
destruction for the component i was written as 

Thus, since there 

dBidt/dt-(i-l)kQi 

Similar arguments were also used to write down the rate at which component i was 
created from oligomers with DP=j 7 i (see Eqs. 3 and 4 of Ref. 1). 

From Eqs. 1 and 2 it can be seen that this model only kept track of the molar 
quantities of tar and polymer oligomers; the actual concentrations of ethylene or 
olefinic bridges were not monitored. Instead, it was assumed that a DP=i oligomer 
always contained (i-1) breakable ethylene bridges. 

Since weak ethylene bridges were not explicitly removed when they donated hydrogens to 
"cap" free radicals, another parameter was necessary to determine the extent of 
reaction. In the SK model, the extent of reaction was controlled by an adjustable 
parameter, Fpdb. defined as the fraction of weak bonds (ethylene bridges) whose 
resulting free radicals could be stabilized by donatable hydrogens. 
of cleaved bonds was continuously monitored during a pyrolysis simulation and. when it 

The total number 
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go t  l a r g e r  t han  Fpdb. t h e  r e a c t i o n  was s a i d  t o  have completed. 
con t ro l l ed  char  and t a r  y i e l d s  in t he  o r i g i n a l  SK model. Unfortunately,  t h i s  parameter 
va r i ed  from polymer to polymer and a l s o  depended upon r e a c t i o n  condi t ions.  It could not 
be predicted from j u s t  a knowledge of t h e  polymer's 6 t r u c t u r e  and r eac t ion  condi t ions.  

Th i s  fo rmula t ion  f o r  tar  formation l e d  t o  s imple equat ions which were easy t o  so lve  
and a l s o  produced r easonab le  p red ic t ions  f o r  t a r  molecular weight d i s t r i b u t i o n s  (1.4). 
However. i t  is c l e a r l y  i n c o r r e c t  t o  assume t h a t  a DP=i ol igomer always con ta ins  (i-1) 
breakable  bonds, because a s  t he  depolymerizat ion r eac t ion  proceeds, many e thy lene  
br idges a r e  converted t o  o l e f i n i c  br idges fo l lowing  t h e i r  use a s  hydrogen sources. 
Towards t h e  end of t a r  fo rma t ion  i t  is e n t i r e l y  poss ib l e  t h a t  a DP=i ol igomer would 
con ta in  no breakable  e thy lene  bridges. I n  a more r e a l i s t i c  model the a c t u a l  numbers 
of both o l e f i n i c  and e t h y l e n i c  bonds need t o  be monitored. 

To take i n t o  account  t h e  e f f e c t  of o l e f i n i c  b r idges  i t  is necessary to keep t r ack  of 
t h e  number of o l igomers  w i t h  no double bonds, v i t h  1 double bond, w i t h  2 double  bonds, 
e t c .  This means t h a t  f o r  each DP=m oligomer, t he  concentrat ions of m double bond 
combinations need t o  b e  monitored. To fo l low the  depolymeriza ion of a polymer with 

need t o  be followed. The t ime evo lu t ion  of each of t hese  oligomer concen t r a t ions  is 
descr ibed by a s e p a r a t e  d i f f e r e n t i a l  equation. Thus, even t h i s  s imple model 
improvement l e a d s  t o  a d rama t i c  i nc rease  in t he  computat ional  e f f o r t  necessary t o  
so lve  it! 
a new approach t o  t h e  modeling of t a r  formations has been developed. 

The e s s e n t i a l  problem of modeling polymer pyrolyses  is simply t h a t  each modified 
ol igomer is t e c h n i c a l l y  a new chemical  species .  A s  more complex ol igomers  a r e  
t r ea t ed .  t h e  number of d i f f e r e n t i a l  equat ions desc r ib ing  t h e  t ime evo lu t ions  of 
t hese  ol igomers  r a p i d l y  p r o l i f e r a t e s  and becomes computat ional ly  unmanageable. 
An a l t e r n a t i v e  approach is t o  u se  Monte Carlo modeling techniques. 

I n  a Monte Carlo s i m u l a t i o n ,  s epa ra t e  d i f f e r e n t i a l  equat ions f o r  t h e  concen t r a t ions  of 
i nd iv idua l  modified o l igomers  a r e  not  e x p l i c i t y  solved. In s t ead ,  a s m a l l  
r ep resen ta t ive  sample of polymer molecules is symbolical ly  cons t ruc t ed  in t h e  memory of 
a computer. 
s u b s t i t u e n t s  are a t t a c h e d  t o  a given monomer, and how the monomers a r e  connected t o  
each other. 
a r e  a t tached t o  o the r  monomers o r  subs t i t uen t s ;  t h e  next  fou r  colums i n d i c a t e  the  bonds 
involved in each  a t t achmen t ;  and t h e  l a s t  keeps t r a c k  of each monomer's i d e n t i t y  (e.& 
benzene o r  naphthalene r ings) .  A s epa ra t e  row is s to red  i n  t h i s  a r r a y  f o r  each monomer 
included i n  t h e  s imula t ion .  
bonding p a t t e r n s  s t o r e d  t h i s  a r r a y  according t o  t h e  k i n e t i c  and vapor i za t ion  r a t e  laws 
of the t a r  formation model. 

In the c u r r e n t  conf igu ra t ion ,  25-40 polymer molecules can be s imula t ed  during a s i n g l e  
run  s o  t h a t  approx ima te ly  1200 e thy lene  br idges a r e  being decomposed. 
can  be connected t o  a s  many a s  fou r  o the r  monomers o r  r i n g  subs t i t uen t s .  
d i f f e r e n t  monomers and twenty bond types can be used t o  cons t ruc t  t he  polymers f o r  
each s imulat ion.  For example, unreacted polymer 1 would be s imula t ed  using only 
benzene monomers, e t h y l e n e  b r idge  connect ions between monomers, and methyl end groups 
f o r  t he  t e r m i n a l  monomers of  each polymer chain. 
proceeded, new bond t y p e s  would be introduced (e+ o l e f i n i c  b r idges  between monomers) 
t o  desc r ibe  t h e  g radua l  decomposition of t he  polymer. 

Vaporizat ions a r e  s i m u l a t e d  by removing a n  oligomer from t h e  computer's memory, by 
adding its mass to  the  running t a r  y i e ld ,  and by pu t t ing  a count in t h e  appropr i a t e  b in  
of a f i l e  desc r ib ing  t h e  molecular weight d i s t r i b u t i o n  of t h e  evolving t a r .  
example, when a molecu la r  weight  312 trimer from polymer 1 vaporizes  (composition: 
benzene monomers, 2 t e r m i n a l  methyl groups, 1 o l e f i n i c  b r idge ,  1 e thy lene  br idge) ,  a l l  
i t s  Pieces  would be removed from the  bonding a r r ays ,  312 atomic mass u n i t s  would be 

Thus, Fpdb d i r e c t l y  

i n i t i a l  chain l eng th  n. t he  concen t r a t ions  of approximately (n 5 )/2 d i f f e r e n t  ol igomers  

To avoid so lv ing  these  complex networks of coupled d i f f e r e n t i a l  equat ions,  

A bonding a r r a y  is used t o  keep t r a c k  of each monomer's i d e n t i t y ,  which 

The f i r s t  f o u r  columns of t h i s  a r r y  a r e  po in t e r s  i n d i c a t i n g  how monomers 

Pyro lys i s  is s imula t ed  by s t a t i s t i c a l l y  changing the  

Each monomer 
Up t o  f i f t y  

As the  py ro lys i s  s imula t ion  

For 
3 
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added t o  t h e  t a r  y i e ld .  and a s ing le  count would be added t o  b i n  312 of t h e  t a r ' s  
molecular weight d i s t r i b u t i o n  f i l e .  

A t y p i c a l  S imula t ion  proceeds a s  follows: A s e r i e s  of random numbers a r e  chosen to  
de te rmine  which "global" r e a c t i o n s  occur. I n  the  cu r ren t  conf igura t ion ,  oligomer 
evapora t ions  and a complex network of r eac t ions  desc r ib ing  the decomposition of 
e thylene  br idges  a r e  t h e  "global" react ions.  The random numbers a r e  compared wi th  
normalized r eac t ion  v e l o c i t i e s  t o  see  if the  pending r eac t ion  w i l l  occur. 
random number is l a r g e r  than  the  ve loc i ty ,  then the  program branches t o  a subrout ine  
which performs the  appropr i a t e  r e a c t i o n  "chemistry" on t h e  oligomer a r rays .  
random number is sma l l e r  than  the  ve loc i ty ,  then the next r eac t ion  is t e s t e d  u n t i l  t he  
l ist  is exhausted. Af t e r  every twenty i t e r a t i o n s  through the r eac t ion  l i s t ,  t i m e  is  
incremented us ing  t h e  observed concent ra t ion  changes and r eac t ion  v e l o c i t i e s .  The 
s imula t ion  cont inues  u n t i l  a p re se t  t ime is  reached or no f u r t h e r  changes i n  the 
bondiiig a r r a y s  a r e  occurring. 

The r e a c t i o n s  which have been included i n  the mechanism f o r  e thylene  b r idge  
decomposition a r e  presented  i n  Fig. 1. I n  Step 1, e thy lene  b r idges  homolyt ica l ly  
c leave  t o  form two ary lmethylene  r ad ica l s .  
and i t s  k i n e t i c  r a t e  cons t an t s  a r e  i n  good agreement wi th  p red ic t ions  based upon 
thermochemical k i n e t i c s  ca l cu la t ions  (5). 

The a ry lmethylene  r a d i c a l s  can then r e a c t  i n  s i x  ways: they can a b s t r a c t  hydrogens 
from unreacted e thylene  b r idges  (Step 2) or butylene br idges  (S tep  3), they  can 
s u b s t i t u t e  f o r  e thylene  br idges  (Step 4) o r  a romat ic  methyl groups (Step 5), and they 
can recombine wi th  o t h e r  a ry lmethylene  r a d i c a l s  (Step 6)  o r  w i th  e thy lene  br idge  
r a d i c a l s  (Step 7). Which of t hese  pathways occurs dur ing  a g iven  pass through the  
"chemistry" subrout ine  is determined by comparing a random number wi th  a set of 
normalized branching p r o b a b i l i t i e s .  
p r o b a b i l i t i e s  a r e  used t o  de te rmine  how the  decomposition proceeds,  but i n  a f u t u r e  
model we p l an  t o  c a l c u l a t e  t he  ind iv idua l  v e l o c i t i e s  of t he  r eac t ions  i n  Fig. 2 u s ing  
r a t e  cons t an t s  and s teady  s t a t e  r a d i c a l  populations.  I n  these  s imula t ions ,  branching 
p r o b a b i l i t i e s  w i l l  be the normalized r a t i o s  of t hese  r eac t ion  r a t e s .  

S teps  2-5 l ead  t o  new r a d i c a l s  vhich cont inue  t o  r e a c t  wh i l e  6 and 7 produce s t a b l e  
bonds and t e rmina te  the  reac t ion .  The butylene br idge  r a d i c a l s  of Step 3 a r e  assumed 
t o  spontaneously decompose v i a  a @ e l i m i n a t i o n  r eac t ion  i n t o  an e thy lene  br idge  
r a d i c a l  and an o l e f i n i c  br idge ,  Step 11. The a r y l e t h y l  and methyl r a d i c a l s  produced 
i n  S teps  4 and 5 a r e  assumed t o  s t a b i l i z e  v i a  a b s t r a c t i o n  of hydrogens from unreacted 
e thylene  br idges ,  S t eps  15 and 16. Thus, a l l  four  of t he  r e a c t i v e  pathways f o r  
arylmethylene r a d i c a l s  eventua l ly  form an e thylene  br idge  r ad ica l .  

I n  t h i s  model, e thy lene  br idge  r a d i c a l s  a r e  allowed t o  r e a c t  i n  th ree  ways: 
d i sp ropor t iona te  (S tep  8) .  they  can recombine t o  form buty lene  br idges  (S tep  9). or  
they can decompose v i a  a ) -e l imina t ion  r eac t ion  i n t o  a hydrogen r a d i c a l  and an 
o l e f i n i c  br idge  (S tep  10). 

The hydrogen r a d i c a l s  formed i n  Step 10 can  then  r e a c t  i n  th ree  ways: 
a b s t r a c t  hydrogens t o  s t a b i l i z e  (Step 12). they can s u b s t i t u t e  f o r  e thy lene  br idges  
(Step 13). o r  they can  s u b s t i t u t e  f o r  a romat ic  methyl groups (Step 14). 
and methyl r a d i c a l s  formed i n  S teps  13  and 14 a r e  assumed t o  s t a b i l i z e  v i a  hydrogen 
abs t r ac t ions  from unreac ted  e thylene  br idges ,  S teps  15 and 16. Thus, a l l  t he  
r eac t ions  of hydrogen r a d i c a l s  lead  t o  the format ion  of new e thy lene  b r idge  r a d i c a l s  
t o  r ep lace  t h e  ones l o s t  when Step  10 formed H r ad ica l s .  

This complex network of r e a c t i o n s  i s  an ex tens ion  of t h e  mechanisms proposed by S t e i n  
(12) and Poutsma (13) f o r  t h e  py ro lys i s  of diphenylethane. 
model, t hese  r eac t ions  a r e  c a r r i e d  out  on t he  polymer bonding a r r a y s  each t ime the  
s imula t ion  de te rmines  t h a t  an e thylene  br idge  has decomposed. 
diagram which shows how the  "chemistry" is c a r r i e d  out  by the s imula t ion .  

I f  t h e  

I f  t he  

This s t e p  is assumed t o  be r a t e - l i m i t i n g  

I n  t h e  cu r ren t  program f ixed  branching 

they can 

they  can 

The a r y l e t h y l  

I n  the  cu r ren t  Monte Carlo 

F igure  2 is a f low 
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as predic ted  by t h e  SK model. With 90% recombina t ion  of end r a d i c a l s  (Fig. 5c) the 
increase  i n  h igh  molecular  weight  oligomer counts is s i zeab le ,  whi le  recornbinations 
of bridge r a d i c a l s  (5d) make h igh  molecular  weight oligomers l e s s  abundant. 

Comparing the  expe r imen ta l  FIMS d a t a  fo r  polymer 1, Fig. 5a,  wi th  t h e s e  s imula ted  
spec t r a  i t  i s  apparent  t h a t  even higher end r a d i c a l  recombination f r equenc ie s  a r e  
necessary t o  reproduce t h i s  polymer's  uneven oligomer pa t t e rns .  C lea r ly ,  however, 
recombinations of b r idge  r a d i c a l s  can not be con t r ibu t ing  t o  the observed maximum i n  
t h i s  polymer's FIMS data .  

To understand why recombina t ions  of end r a d i c a l s  lead  t o  increased  popula t ions  of high 
molecular weight o l igomers  wh i l e  recombinations of br idge  r a d i c a l s  decrease  t h e i r  
populations,  w e  need t o  cons ide r  t he  counting s t a t i s t i c s  f o r  each type  of r a d i c a l :  fo r  
end r a d i c a l s  t he  p r o b a b i l i t y  of a r a d i c a l  occur r ing  on an oligomer is  independent of 
chain l eng th  ( they  occur only  a t  t he  ends of cha ins)  wh i l e  f o r  br idge  r a d i c a l s  the 
p robab i l i t y  of a r a d i c a l  occu r r ing  on an oligomer inc reases  w i t h  cha in  l eng th  (more 
bridges inc rease  the  number of s i t e s  w h e r e  a r a d i c a l  can occur). 

When two end r a d i c a l s  recombine, o l igomers  can be l o s t  i n  t h e  format ion  of l a r g e r  
oligomers or they  can be  formed from sma l l e r  ones. For t h e  DP = i oligomer,  t he  terms 
appearing i n  the  t ime  d e r i v a t i v e  would be: 

( 3 )  

Here the f ' s  a r e  t h e  p r o b a b i l i t i e s  of forming each r a d i c a l  oligomer and a is t h e  
l a r g e s t  oligomer which can  recombine. The f irst  term i s  due t o  format ions  from 
sma l l e r  o l igomers  and t h e  second i s  due t o  l o s s e s  i n  the  format ion  of l a r g e r  
oligomers. 
oligomer a r e  formed by t h e  homolyt ic  bond cleavage r e a c t i o n  (Fig. 5b), s o  w e  conclude 
t h a t  f i  i s ,  t o  f i r s t  approximat ion ,  a cons t an t  and i s  independent of the degree  of 
polymerization. 

From t h e  SK t a r  model w e  know t h a t  roughly equal  numbers of each s i z e  

P u t t i n g  f i  = c i n t o  equat ion  3 t h e  r e s u l t  is: 

Ri = c*(i-a-l)  ( 4 )  

Thus, recombina t ions  of end r a d i c a l s  decrease  the r a t e  of format ion  of a l l  oligomers 
but they a f f e c t  t h e  t i m e  d e r i v a t i v e s  of l a r g e  r a d i c a l s  less than those  of sma l l  ones. 
The net e f f e c t  is a s h i f t  i n  t h e  t a r  mass spectrum towards longer  cha in  l eng th  oligomers.  

When end r a d i c a l s  recombine w i t h  bridge r a d i c a l s ,  a d i f f e r e n t  r e s u l t  is found. Now 
the terms appear ing  i n  t h e  t ime d e r i v a t i v e  a r e  products of t h e  p r o b a b i l i t y  of f ind ing  
end r ad ica l s ,  f ' s ,  and t h e  p robab i l i t y  of f ind ing  r a d i c a l  b r idges ,  g 's .  

i -2  i- 1 a 

i = l  i = 2  i = 2  ,=1 
- f i &  Pj - p i c  f j  ( 5 )  Ri = c gi - j f j  + c f i - j g j  

The  f ' s  a r e  s t i l l  in i ependen t  of th; degree of polym;rization, i.;., f i  = C. 

the g 's  a r e  p ropor t iona l  t o  the  number of br idges  i n  an oligomer or gi = b(i-1). 
these p r o b a b i l i t i e s  a r e  i n s e r t e d  i n  Eq. 5. t h e  sums a r e  s l i g h t l y  more d i f f i c u l t  but 
can s t i l l  be c a r r i e d  out .  We f i n d  t h a t  

However, 
When 

Ri = b c ( i 2  - (3  + a ) i  + 2 + a - 2) a (a  - ') (6) 

This con t r ibu t ion  t o  t h e  t ime  d e r i v a t i v e s  is  quadra t i c  i n  t h e  degree of po lymer iza t ion  
and reaches a minimum a t  i = (a + 3)12. For our s imula t ions ,  recombinations can occur 
f o r  a t  l e a s t  40 o l igomers  ( the  s t a r t i n g  degree  of po lymer iza t ion)  so t h i s  minimum .pa 
occurs at a DP of a t  least 21. 
t h i s  formula  w e  f i nd :  

I n s e r t i n g  a = 40 and some t y p i c a l  va lues  of i i n t o  

R 1  = -781 bc Rg - -928 bc R10 - -1068 bc R15 - -1158 bc ( 7 )  

Thus, f o r  recombina t ions  between end and bridge r a d i c a l s ,  t h e  con t r ibu t ions  t o  the 
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r a t e s  of format ion  of  t h e  o l igomers  w i t h  DP<21 a r e  a l l  nega t ive  and g e t  more nega t ive  
w i t h  i n c r e a s i n g  c h a i n  length.  These terms r e s u l t  i n  t h e  format ion  of r e l a t i v e l y  fewer 
midsized oligomers when t h e s e  recombinations occur than  when no recombinations occur. 

S i m i l a r  c a l c u l a t i o n s  fo r  recombinations of two br idge  r a d i c a l s  can a l s o  be c a r r i e d  out  
and y i e l d  a cubic  equat ion  f o r  Ri. 
and g e t s  more nega t ive  w i t h  i n c r e a s i n g  oligomer cha in  lengths.  
bridge r a d i c a l s  a l s o  r e s u l t  in t h e  format ion  of r e l a t i v e l y  fewer midsized oligomers 
during p y r o l y s i s  of t h e s e  e t h y l e n e  bridged polymers. 

Both k inds  of recombination r e a c t i o n s  a r e  probably important in pyrolyses  of e thylene  
bridged polymers, l i g n i n s ,  and coals.  The maximum i n  t h e  FIMS d a t a  of polymer 1 seems 
t o  be caused by recombination of end r a d i c a l s  whi le  rap id  mass drop-offs a r e  observed 
in t h e  FIMS s p e c t r a  of l i g n i n s  (6). l i g n i t e s  (1). and e t h y l e n e  bridged methoxybenzene 
polymer (5). 

This  cubic  is negat ive  in t h e  range DP - 1 t o  15 
Thus, recombinations of 

Examples of t h e s e  FIMS s p e c t r a  w i l l  be presented  dur ing  t h e  talk.  
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F i g .  1 Proposed Mechanism for the Decomposition of Ethylene Bridges. 
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Fig. 2 Flow Diagram for the Decomposition of Ethylene Bridges. 
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